Abstract
Experimental Section

63
A complete list of all used chemicals including purities and suppliers, as well as a detailed descrip-64 tion of the preparation and characterization procedures of MnO 2 -suspension can be found in the sampled as described for pH 7.0, variable amounts of MnO 2 were spiked to reactors containing the 93 identical initial concentration of substituted aniline. This procedure was used to achieve different 94 degrees of reactant conversion and was shown earlier for nitroaromatic compounds to enable the 95 study of isotope fractionation of fast reactions (14). Prior to concentration measurements and 96 isotope analysis of substituted anilines, the pH of the filtered aqueous samples was adjusted to pH 97 7.0 with NaOH.
98
The loss of substrate due to adsorption and cation exchange to the mineral surface was assessed For the identification of organic oxidation products by LC-MS/MS, samples of 1 mL MnO 2 -105 suspension were reductively dissolved by ascorbic acid (0.3 M, pH 13) and diluted with 9 mL 106 of nanopure water. Aqueous samples were processed following a modified procedure of (25).
107
Inorganic salts were removed by solid phase extraction (SPE, HLB Extraction Cartridges, 100 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 upon on-column injection using the instrumental setup and settings described previously (23).
144
The analytical procedure for identification of transformation products was adapted from (25).
145
The measurements were performed by liquid chromatography coupled to an LTQ (Linear Trap 146 Quadrupole) Orbitrap mass spectrometer (Thermo Electron Corporation) with electrospray ioniza-147 tion (LC-MS/MS). For liquid chromatographic separation a XBridge C-18 column was used (2.1 148 × 50 mm, 3.5 µm particle size, Waters) and a gradient was run from H 2 O/MeOH 90/10% to 5/95% 149 containing 0.1% formic acid. Identification of coupling products was performed only qualitatively 150 due to lack of commercial standards. To this end exact masses of expected reaction products were 151 extracted from the chromatograms in order to obtain MS/MS-fragment spectra. Based on the ex-152 act molecular mass and fragmentation pattern of each detected product, most probable molecular 153 structures were postulated and these are shown in Figure S1 .
154
The aqueous Mn 2+ -concentration was measured by inductively coupled plasma mass spec- 
157
Stable isotope ratio measurements
158
Stable N and C isotope signatures (δ 15 N and δ 13 C) of the substituted anilines were determined 159 by solid-phase microextraction (SPME) coupled to a GC/IRMS (gas chromatography isotope-ratio 160 mass spectrometry) with combustion interface (23). SPME fiber material and extraction conditions 
To account for effects of substituted aniline protonation on the observed AKIE N s, data obtained .
where k 1 , k 2 and k 3 are the reaction rate constants of the elementary reactions and P stands for the 
As a consequence of the simultaneous reactions of protonated and neutral substituted aniline (see Table S3 for pK BH + ).
195
Computational Methods
196
The gas-phase geometries of all molecular species were fully optimized at the density functional tion near edge structure (XANES) measurements, as illustrated in Figure 1d for the oxidation 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 for the C atoms that were not directly involved in the reaction (ε C of -1.1±0.1 , Figure S2 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 values. exhibited the same effects on the bonds to N during its oxidation.
269
The observed inverse isotope effects can be rationalized by the formation of a radical intermedi- (Table S1 ). In the former case, isotopically sensitive rate constants were predicted 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 from Marcus theory; in the latter case, such constants were predicted from canonical transition-308 state theory (see SI for full theoretical details). comparisons, see computed geometrical and bond order data in Table S2 ). The quantitative simi-317 larity for the two processes is primarily attributable to the small change in this bonding character,
318
which leads to predicted inverse KIE N s of substantially less than 10 in every instance consistent 319 with experiments. Thus, theory indicates that the observed AKIE N s cannot be considered to rule 320 out HAT pathways in substituted aniline oxidation for cases where active oxygen species might be 321 generated, but neither do they need to be invoked given the good agreement between theory and 322 electrochemical oxidation results where ET processes would be likely to be the only ones active.
323
We note that neither the computational predictions for outer-sphere ET nor those for HAT show 324 substituent effects consistent with those observed experimentally. This must be assigned to the 325 simplifications inherent in the computational models, which make it challenging to reproduce the 326 small substituent effects. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 Table 1 for details); (b) Observed AKIE N of p-CH 3 -aniline (pK HB + 5.10) for oxidation by MnO 2 , ABTS •− (2,2'-azinobis(3-ethylbenzthiazoline-6-sulfonic acid), and at a glassy carbon electrode in the pH-range 4.0 to 7.0.
Influence of substituted aniline speciation on AKIE N
329
Because the deprotonation of substituted anilines is associated with a normal 15 N-equilibrium iso-330 tope effect, EIE N , between 1.017 and 1.021 (23), we investigated the consequences of N-atom 331 protonation on the observable N isotope fractionation trends during oxidation with selected para-332 substituted anilines in the pH-range 4.0-7.0. As shown in Table 1 (entries 4, 9-12) for p-CH 3 -333 aniline, the AKIE N increased to almost unity at pH-values matching the pK BH + and isotope frac-334 tionation became normal once the protonated species (BH + ) prevailed. Our data imply that 14 N-
335
isotopologues reacted faster at pH < pK BH + while they are outcompeted by 15 N-isotopologues 336 at higher solution pH. The same trend was found for p-OCH 3 -aniline (entries 7 and 13) and p- Cl-aniline (entries 8 and 14). Assuming that N atom oxidation can only occur from the neutral 338 species, we propose that pH-dependent N isotope fractionation is due to a combined normal 15 N-339 equilibrium isotope effects pertinent to the deprotonation of the substituted anilinium cation (BH + ,
340
Eq. (2)) and the inverse apparent 15 N-kinetic isotope effect associated with the oxidation of the 341 neutral species (B, Eq. (3)) as described in Eq. (6).
342
Fitting the data for p-CH 3 -aniline in Table 1 to Eq. (6) adequately describes the trends of isotope effects were predicted to be inverse (Table S1 ), providing further evidence that the observed 357 normal N isotope effects reflect acid/base partitioning prior to oxidation of the conjugate base.
358
Environmental Significance
359
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